Abstract. In Costa Rica' s humid, Caribbean lowlands, we used the doubly-labeled water (DLW) technique to measure field metabolic rate (FMR) and water influx of free-living Crowned Woodnymphs (Thalurania colombica) (mean mass = 4.90 g) and Bronze-tailed Plumeleteers (Chalybura urochrysia) (mean mass = 7.23 g). FMR averaged 37.9 kJ/day in woodnymphs (n = 9) and was 57.9 Id/day in a single plumeleteer. The former value is 26% higher than expected from the birds' mass, based on other DLW studies. Water influx averaged 2,392 ml/(kg.day) in woodnymphs (n = 12) and 2,001 ml/(kg' day) in plumeleteers (n = 2). These are the highest water flux rates measured for any bird and are equivalent to turning over, respectively, 366% and 304% of the birds' total body water content each day.
INTRODUCTION
Over the past decade, more than a score of studies have used the doubly-labeled water (DLW) technique to quantify the field metabolic rate (FMR) and water flux rate of free-living birds (see Nagy 1987) . Although these studies reveal that the FMR of desert birds is lower than that of nondesert birds, and that seabirds differ from nonseabirds (Nagy 1987 ) more data are needed to fully appreciate how environmental and life history traits influence the water and energy budgets of wild birds. Studies of tropical landbirds seem especially desirable both because the tropics are being rapidly modified by human activities and because the majority of bird species reside in the tropics.
Laboratory studies have revealed that some lowland tropical landbirds have comparatively low basal metabolic rates (BMR) (Weathers 1977 (Weathers , 1979 (Weathers , 1986 . The following considerations suggest that they may also have low FMR. Lowland tropical birds tend to be less active than temperate species, and their activity is restricted to about a 12-hr day. In contrast, temperate and arctic birds experience 15-24 hr of daylight during the breeding season. Consequently, during the summer, lowland tropical birds should spend a greater proportion of the 24-hr day resting than I Received 1 July 1988. Final acceptance 7 December 1988.
would birds that reside at high latitudes. Furthermore, the warm temperatures typical of the lowland tropics might reduce thermoregulatory requirements. Because basal plus thermoregulatory costs are thought to account for 40-80% of a bird' s total energy costs (Walsberg 1983 ) lowland tropical species might require substantially less energy than temperate or arctic species.
Despite the above considerations, no studies have directly determined the FMR of tropical landbirds. Thus, to increase our understanding of tropical bird energetics, while simultaneously expanding our knowledge of the world' s smallest birds, we used the DLW technique to measure the water and energy relations of two lowland, tropical hummingbird species.
MATERIALS AND METHODS

STUDY AREA AND SPECIES
Our study was conducted during 2-4 July 1985 at Finca La Selva, a biological station operated by the Organization for Tropical Studies, which is situated at an elevation of about 75 m in the Atlantic lowlands of NE Costa Rica about 2.5 km SW of the town of Puerto Viejo de Sarapiqui (10"26' N, 84"l' W). The mean daily air temperature at La Selva averages 24"C, with little seasonal variation; mean annual rainfall is about 4 m, with the wettest months being July and December (cf. Stiles 1975 We injected and released 43 birds into the field (nine Chalybura, mean mass = 7.23 f 0.50 g and 34 Thalurania, mean mass = 4.90 ? 0.25 g). We recaptured two Chalybura and 14 Thalurania: 11 of these within approximately 1 day and five within approximately 2 days of their release. One of the 1 -day recapture samples was lost in processing and none of the 2-day birds contained sufficient IsO to permit calculation of CO, production. For one of the 1 -day birds, 180, was too low (within 0.0012 atom % of background) to provide reliable estimates of CO, production (see Reliability of Data, below). ' H levels of all but two of the recaptures were sufficient to permit calculation of water flux rates.
Within 5 min of initial capture, hummingbirds were weighed to the nearest 0.05 g with a 10-g Pesola spring balance, given an intramuscular (pectoralis) injection of 15-25 ~1 of water (containing 95+ atom percent I80 and ca. 0.6 MBq 3H) with a Hamilton 50-~1 syringe, and released. One or 2 days later they were recaptured and reweighed, and a 70-to 1 OO-~1 blood sample was obtained by puncturing the jugular vein and filling one or two heparinized hematocrit tubes. The tubes were sealed with Critocaps in the field and taken to the laboratory at La Selva, where they were flame-sealed and stored at 4°C. They were later transported under refrigeration to the University of California, Davis, for processing. Blood samples were microdistilled under vacuum to obtain pure water, which was assayed for tritium activity (Searle model Mark III liquid scintillation counter, toluene-Triton X 1 00-PPO scintillation cocktail) and for oxygen-18 content by cyclotron-generated proton activation of I80 to fluorine-18 with subsequent counting of the positron-emitting 18F in a Packard Gamma-Rotomatic counting system (Wood et al. 1975 ).
MEASUREMENT OF TBW
Determinations of isotope levels in an initial (postequilibrium) blood sample are typically used in DLW studies to calculate the initial total body water volume (TBW,) and the initial, background-corrected, isotope ratio (In 0*,/H*) required in the CO, production calculations. In this study, initial postequilibrium isotope levels were estimated from a separate control group of eight hummingbirds: three Chalybura and five Thalurania (for rationale, see Nagy et al. 1984 ). These birds were captured and injected with DLW as described above, held for 1 hr in the field, weighed, and a blood sample obtained as above. They were then sacrificed, taken to the laboratory, reweighed, and dried to constant mass (determined to the nearest 0.1 mg with a Mettler H30 balance) at 70°C (see Crumb et al. 1985) . From the isotope levels in the control blood samples, we calculated the predicted initial isotope ratio (background-corrected) for experimental birds (In 180,/3H, = -10.3527 2 0.0224). We used this ratio in our FMR calculations. We regressed the initial tritium activity of the controls against ~1 DLW injected/g body mass to obtain the following equation, from which we estimated the initial 3H level for field birds: . This constant and an estimate of TBWi is used to calculate the initial 3H, of experimental animals. Theoretically this approach should give more accurate estimates of 3Hi than the linear approximation which we used above. However, for our control birds, in which different injection volumes were used for the two species, the linear approximation yielded marginally better results. Mean C, values calculated as above for our control birds were 44,368 cpm. ml for Thalurania (n = 5) and 70,915 cpm.ml for Chalyburu (n = 3). Coefficients of variation for C, were 1.3 1% and 4.53%, respectively. For our control birds, the mean algebraic error of predicted 3H, (compared to the measured H,) calculated by dividing C, by TBWi was 1.85 2 1.74%. The corresponding error for linear approximation was slightly smaller and significantly less variable (1.77 -t 0.75%: F = 5.4, P < 0.05). The linear approximation provided a somewhat better estimate for our control birds for two reasons. First, because different injection volumes of DLW were used for the two species, the sample size from which C, was calculated was small for both species. Sample size was effectively increased by using a linear approximation which regresses 3H, against ~1 DLW injected/g body mass. Second, although the relation between 3H, activity (cpm) and milliliters of dilution volume is a curve, the arc of the curve is so shallow that over a fairly broad range of TBW a straight line adequately describes the data. For Thalurania, mean water influx calculated using C, to estimate 3H, was 2,367 * 413 ml kg-l. day-' . Mean water influx based on the linear approximation was 0.13% lower, 2,364 + 386 ml kg-' .daym' (Table 1) .
We determined the final total body water content (TBWJ of experimental birds by killing them in the field immediately after obtaining the single blood sample and drying them to constant mass at 70°C. The experimental bird' s TBW, was calculated from the bird' s initial body mass (M,) and TBW, assuming a constant water proportion. It seemed possible that the bird' s plumage might absorb significant amounts of water from the moist tropical air. If so, drying would overestimate TBW. To check this, we carefully plucked a 4.55-g male Thalurania, exposed the plucked feathers to the moist ambient air for several hours, weighed them to the nearest 0.1 mg, and then dried them to constant weight at 70°C. The water absorbed by the plumage equaled 0.387% of the bird' s fresh body weight. TBW, of control birds determined by drying (corrected for plumage water content) averaged 0.676 M, +-0.020, and was 102.4 If 5.5% of the value calculated from IsO dilution. The TBW of experimental birds was likewise corrected for plumage water content.
We calculated CO, production, ml/(g.hr), from the 3H and I*0 levels (corrected for background concentrations) by the following equation: where TBW is total body water, M is body mass, and t is the interval in days between 1 hr after isotope injection and the time that the single blood sample was taken.
ENERGY EQUIVALENT OF CO, PRODUCTION
Converting field metabolic rates from CO, production to units of energy requires knowledge of the bird' s diet. Although our hummingbirds fed mostly on Heliconia imbricata nectar, they also caught insects sporadically throughout the day. Flycatching attempts occurred more during warm, sunny periods than during cool, shady ones because small insects were more active then. Hummingbirds often spent the first l-2 hr of the day in the forest canopy catching insects and the first birds captured during the day typically had insects in their crops. The total time spent insect catching averages about 15-25% of that spent foraging for nectar (Stiles, unpubl. data). The amount of energy obtained from insects is probably lower than that predicted from the proportion of time spent insect catching, however, as some insects undoubtedly elude the fly-catching attempts. Therefore, we assumed that the hummingbirds' diet consisted of 90% nectar and 10%
insects. Heliconia imbricata nectar consists virtually entirely of sugar and water and thus has a heat equivalent for CO, production of 21.1 kJ/l CO, (Carpenter 1948) . The heat equivalent of insects was assumed to be 24.6 kJ/l CO, (Williams and Nagy 1985). From these values we estimate that 2 1.5 kJ of heat were produced per liter CO, produced. 
WEATHER
RESULTS AND DISCUSSION
FIELD METABOLIC RATE
Field metabolic rate (CO, production) was 15.64 ml CO,/(g hr) for the one recaptured Chalybura (Table 1) . From these values, we estimate that daily energy expenditure was 57.9 W/day for the one Chalybura and averaged 37.9 Id/day for Thalurania. Comparing our tropical hummingbirds' FMR with that of other very small birds is complicated due to interspecific differences in body size and diet as well as differences in daylength and weather conditions between the various studies. Table  2 , which summarizes the available FMR data for nonbreeding birds weighing less than 10 g, groups species by diet and removes the effects of body size (Kleiber 1947) by dividing FMR by body mass raised to the 0.64 power (the exponent relating avian FMR to mass, Nagy 1987). These data hint that diet and/or foraging mode may affect FMR. The mass independent FMR of the four nectarivores averages 13.7 kJ/(g" 64. day), and is about 50% higher than that of the two insectivorous species. Three of the nectarivores are hummingbirds, which hover while feeding, whereas one, the Eastern Spinebill (Acanthorhynchus tenuirostris), is an Australian honeyeater that feeds while perched. Eastern Spinebills spend about 2% of the day in flight (Paton, unpubl. data) vs. about 5% for Crowned Woodnymphs (Stiles, unpubl. data) and 20% for Anna' s Hummingbirds, Calypte anna (Stiles 197 1) . The lack of an obvious correlation between time spent in flight and FMR emphasizes the importance of energy-requiring processes other than flight as determinants of FMR.
Although the granivore has the highest massindependent FMR, it was studied in captivity during cool, windy weather-conditions which increase metabolic rate. Clearly, more data are required to confirm the hypothesized link between diet and FMR. Should such a relation be substantiated, allometric relations used to predict FMR from body size could be modified to take diet into account, thereby improving their utility.
A wide choice of allometric equations is available with which we can compare our hummingbirds' FMR. Walsberg (1983) derived an equation relating FMR to body size for birds that forage in flight. The single Chalybura' s FMR is 24% higher than predicted by this equation, whereas that of the nine Thalurania averages only 2% higher than predicted. Nagy (1987) reanalyzed the scaling of avian FMR restricting his analysis to determinations of FMR made with the DLW technique. The FMR of Thalurania is 26% greater than predicted by Nagy' s equation for all birds and 140% greater than predicted by his nonpasserine equation. Nagy' s nonpasserine equation is strongly biased in favor of large birds and does not seem to apply to hummingbirds. For example, it predicts a FMR for C. anna that is only 46% of the observed value (Powers, pers. comm.). Furthermore, Nagy' s equations are derived mainly from data for birds during the breeding season when FMR is thought to be highest, whereas all of the hummingbirds studied thus far were nonbreeding. Thus, the FMR of tropical hummingbirds seems representative of species which forage in flight, but much higher than predicted for nonpasserines that do not forage in flight. These data do not support the notion that tropical birds necessarily have low FMR. The relative power requirement of different species can be compared by calculating the ratio of FMR to rest phase BMR (Ring 1974) with large ratios indicating "hard working" species. Data for our hummingbirds' BMR are unavailable, but using BMR values predicted from mass, we calculate FMR/BMR ratios of 6.1 and 7.0 (Table 2) . These values, which would be the highest reported for any bird, suggest that hummingbirds are the hardest working of all the birds-a view consistent with their small size and intense activity. These ratios seem unrealistically high, however, as theoretical considerations and empirical measurements indicate that the maximum FMR/BMR ratio is about 5.7 (for review, see Weathers and Sullivan, in press). This suggests that our hummingbirds' actual BMR may be higher than predicted.
Surprisingly few reliable data on hummingbird BMR are available. Those that do exist indicate that at least some hummingbirds have higher BMR than predicted by the equations of Aschoff and Pohl (1970). The BMR of Oreotrochilus estella is 81% higher (Carpenter 1976 ) and that of Anna' s Hummingbird is 67% higher (Powers, unpubl. data), than predicted. The FMR/BMR ratio of the temperate Anna' s Hummingbird, 3.5 (Table 2 ) is similar to that ofother nonpasserines (Weathers and Sullivan, in press). A similar 3.5 ratio for Thalurania would require a BMR 167% higher than predicted from the Aschoff and Pohl equation. Clearly, BMR measurements of tropical hummingbirds are needed to resolve this issue.
WATER INFLUX
Water influx equals water efflux provided body mass and water content do not change during the measurement interval, as was essentially true for our hummingbirds (Table 1) . Water influx averaged 2,001 ml/(kg.day) (n = 2) for Chalybura and 2,392 ml/(kg.day) (n = 12) for Thalurania. These values, respectively 267% and 286% of what would be predicted from the birds' mass (Nagy and Peterson 1988) are the highest relative water influx rates reported for any bird species (for review, see Nagy and Peterson 1988) . Indeed, Thalurania males turn over an equivalent of 366% of their total body water content each day, a rate exceeding that of some amphibians (Nagy and Peterson 1988) .
High water flux rates in our tropical hummingbirds probably result from three factors: a mesic environment, their high FMR, and a liquid diet. Although the relative importance of these three factors is difficult to discern, data for temperate nectarivores suggest a substantial environmental contribution. Daily water influx of Anna' s Hummingbird (1,640 ml/kg ' day) and the Eastern Spinebill (905 ml/kg.day) is considerably lower than that of the tropical hummingbirds, whereas their field metabolic rates are fairly similar (Table 2) .
Comparable water flux data for other very small birds suggest that diet may surpass body size as a determinant of flux rate (Table 3) . Nagy and Peterson (1988) proposed using the ratio of daily water flux rate (ml/day) to daily field metabolic rate @J/day) -the so-called "water economy index"-to compare directly water use of different species independent of body size or taxa effects. For very small birds, the water economy index seems to reflect the water content of the diet, being highest in nectarivores, intermediate in insectivores, and lowest in the granivore. However, no such correlation is apparent for vertebrates in general (Nagy and Peterson 1988) suggesting that differences across taxonomic groups may obscure such patterns.
For Thalurania males recaptured within 1 day of release, we can partition water influx into that due to metabolic water formation, diet, and drinking plus vapor input. Metabolic water input, calculated assuming 0.662 ~1 of water were formed for each milliliter of CO, produced (Schmidt-Nielsen 1964; for a diet of 10% insects and 90% nectar), averaged 1.17 ml/day, or 10% of the total input (Table 1) . Dietary water input was calculated from the birds' FMR assuming that the birds obtained 4.46 kJ of energy for each milliliter of dietary water ingested. This value was estimated as follows: the average sugar concentration ofH. imbricata nectar is 0.65 M (Stiles 1975 ) which is equivalent to 3.76 kJ/ml of nectar. Each milliliter of nectar contains 0.886 ml of water, which gives an effective energy value of4.14 kJ/mlofwaterobtainedfromnectar(3.76 kJ/ml nectar divided by 0.886 ml water/ml nectar). Assuming that the insects which our hummingbirds ate were 67% water and had a metabolizable energy content of 4.94 k.l/g wet weight (Ricklefs 1974 ) the birds would obtain 7.37 k.I/ ml water from insects. Assuming a diet of 90% (Table 1) . Subtracting metabolic water and dietary water input from total water influx gives the water input due to drinking and/or vapor input across respiratory surfaces. Our calculations suggest that 7' halurunia males gained an average of 1.95 ml ofwater per day (17% of the total input) via these pathways (Table 1) . This value seems unreasonably high, however, and lower values would result from changing the assumptions upon which it is based. For example, if our hummingbirds gained all of their energy from nectar (i.e., they did not eat insects), the input due to "drinking" would be only 0.22 ml/day. Drinking would also be less if the floral nectar were more dilute than 0.65 M. However, it is unlikely that rain diluted the floral nectar, thereby increasing the dietary water input, since nectar of H. imbricata is well protected in a deep nectar chamber. Moreover, data on nectar concentration on rainy vs. sunny days indicate no differences (Stiles, unpubl. data).
Because of their liquid diet and humid environment, our hummingbirds probably did not drink much water. However, we have observed these birds drinking from dripping foliage occasionally after rains or early in the morning. Also, the birds bathe in wet moss on branches or leaves. Following such bathing or after periods of heavy rain, they usually preen vigorously and preening as a percentage of time spent perching is higher on rainy than on sunny days (25% vs. 7%; Stiles, unpubl. data). Ingestion of water incidental to preening wet plumage is suggested by the data for birds no. 13, 17, 24, and 26 which experienced heavy rain during several hours of their measurement interval (no rain fell during the time the other individuals were being measured). The average water input due to drinking and/or vapor for these four individuals is higher than that of the other birds (3.1 ml/day vs. 1 .O ml/day; Table l), although the difference is not statistically significant (Mann-Whitney U-test). Interestingly, the mean rate of CO, production was identical during rainy and dry measurement periods, suggesting that these tropical birds may not incur additional energy costs during periods of rain. Presumably any increment in thermoregulatory costs during rainy periods (e.g., Lustick and Adams 1977) was offset by a reduction in activity. Aggressive behavior, insect catching, and miscellaneous flying are reduced in light rain and virtually eliminated in heavy rain, although at least territorial males continue to feed in all but the heaviest downpours (Stiles, pers. observ. 
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